Co-rotating twin-screw extruders are widely used compounding machines. They are mainly configured based on extensive experience and iterative approaches to optimise output and composite quality. The visualisation technology developed in the EU-project PEPTFlow allows visualisation of composite flow in twin-screw extruders under realistic processing conditions by tracking radioactive tracer particles in the polymer melt, using a specially developed camera system. This new approach allows polymer flow to be studied in different screw elements and screw configurations under realistic compounding conditions at normal temperatures and melt pressures. The paper presents the latest developments in the camera systems as well as the different ways to use and interpret the results. Detailed analysis of residence times and residence time distributions for standard compound screw elements, like kneading discs, conveying elements and reverse elements are presented. In addition for a better understanding of the flow field inside twin-screw extruders, numerical particle tracking is done. The Stokes equation, using XFEM method, are solved and the numerical RTD's (residence time distribution) are compared for various screw designs.
Introduction
The compounding of thermoplastic materials on an industrial scale is mainly carried out in co-rotational twin-screw extruders (TSE) that were specifically designed to offer high throughput and good mixing capabilities. Due to the inherent flexibility in the machine design of TSEs, where barrel segments, screw elements and dosing points can be varied, it is possible to adapt this machine to the varying demands of different material systems and processing requirements. Typical adaptations are the modification of the screw profiles tailoring the amount of mechanical mixing, residence time and pressure levels.
These adaptations are mainly carried out based on extensive experience and some basic calculations and scale-up rules. Simulation of TSE processes often suffer from the lack of precise material data describing the material behaviour, especially during the important mixing phases (Kohlgrüber and Bierdel 2008) .
PEPTFlow offers a new way to study flow within TSE under realistic processing conditions by following the movement of a radioactive trace incorporated into the compounded material. Using the results of PEPTFlow, local residence times can be analyzed, flow velocities can be studied and consequently screw profiles can be optimized.
The paper presents the PEPTFlow technology, the ways the data can be analysed and selected results from standard processing conditions. In particular, this paper presents some of the main finding in the EU-project PEPTFlow.
To interpret some of the experimental results, we use data of the velocity field simulation. The extended finite element method (XFEM) is applied to simulate three-dimensional Newtonian, isothermal, Stokes flow in complex geometries with internal moving parts and narrow gaps and the numerical residence time distributions RTD's are compared for various screw designs.
Experimental

Positron Emission Particle Tracking (PEPT)
Positron emission particle tracking is a non-invasive technique, developed at the University of Birmingham, for following the motion of a radioactive tracer particle in three dimensions within non-transparent systems. It is derived from the medical technique Positron Emission Tomography and uses the same imaging equipment. The set-up for the standard PEPT camera, shown in fig. 1 , consists of a pair of parallel detectors, a radioactive tracer particle and an algorithm for the calculation of the particle location. The tracer particle is labelled with a radionuclide which decays by β+ decay resulting in the emission of a positron. Each positron rapidly annihilates with an electron, producing a pair of back-to-back 511keV γ-photons which are then detected by the position-sensitive detectors.
Triangulation of successive photon pairs enables calculation of particle location. The frequency and accuracy of tracer location depends on the active strength of the tracer and the mass of material that must be penetrated by the γ-photons. Typically a tracer can be located to within 1mm at speeds up to 1ms-1. For more detail see Hawkesworth et al., 1991; Parker et al., 1993; Parker et al., 1997; Parker et al., 2002; Fan et al., 2006 and Fan et al., 2008 .
The technique has been employed in numerous applications extensively reported in literature, predominantly in granular systems due to the particulate nature of the tracer. Seville et al. (2009) presented an extended summary of case studies and applications for PEPT. For example, Jones and Bridgwater (1998) employed PEPT to study motion and mixing in a ploughshare mixer and observed how particles move between inter-plough regions. Ding et al. (2001) studied the rolling mode for a rotating drum and characterisation of the stochastic motion in the active region. Some work has also been carried out on paste systems and liquid systems (Fishwick et al., 2003) . Wildman et al. (1999) observed plug flow inside the barrel and die land region during ram extrusion of ceramic paste through analysis of particle velocity distribution. Fishwick et al. (2003) used PEPT to infer liquid-particle slip velocity in multiphase stirred reactor vessels. (Parker et al., 2008; Leadbeater et al., 2007 and . Since then, configurations of the camera have been used to study flow in a pilot scale high pressure fluidised bed and circulation in an industrial fluidised bed at BP's (now Ineos's) site in Hull (Ingram et al., 2007) . The camera flexibility also means it can be "focussed" on a small field of view, with consequently high data rate and accuracy, or strategically deployed around larger systems to give a discontinuous field of view. This is ideal for PEPTFlow since it has enabled the camera to be positioned in order to surround the field of view.
The experimental set-up was based on a Leistritz Micro 27 mm twin-screw extruder that was modified to provide a PEPT window in the extruder barrel.
showed that the thick steel of the extruder barrel was effectively impenetrable to gamma photons. For PEPT to work, a section of barrel with reduced wall mass was 
Fig. 2. Barrel inliner and screw element numbering
PEPTFlow since it has enabled the camera to be positioned in order to surround the field of view. In addition to the modification of the base extruder, a refeeding system had to be developed to refeed the PEPT-particle after it had flowed through the extruder.
This was necessary due to the limited number of particles that could be manufactured in one d
increasing the data output for one particle. With the refeeding systems an average of 5 possible using one particle. 
up of the extrusion line and camera
The flexible design of the Leistritz 27mm extruder allowed the gearbox with the attached barrel to be moved forward on the machine bed, freeing additional space around the barrel, allowing the better application g type camera system (see fig. 3 )
In addition to the modification of the base extruder, a refeeding system had to be developed to refeed the particle after it had flowed through the extruder.
This was necessary due to the limited number of particles that could be manufactured in one day, increasing the data output for one particle. With the refeeding systems an average of 5-10 runs were 4 illustrates the ring camera mounted around the barrel and the downstream extruder die and water
EPTFlow camera mounted on the lab
A comprehensive experimental plan was designed to maximise the range of conditions investigated within the measurement time available. This is discussed in Section 2.
PEPTFlow data evaluation
Positron Due to the mentioned limitation in PEPT accuracy the parameter window of the extruder set-point is limited.
Typically the circumferential velocity of the extruder screw should be below 1 m/s for the currently used camera system and averaging algorithms. On the 27mm extruder used in this study the maximum circumferential velocity was 0,56 m/s at the maximum screw rpm of 400 1/min. With only 1 particle passing through the system there is now risk of missidentification of particles, but the spatial of about 1mm is still too low to precisely reflect local flow phenomena of the e.g. the melt flowing over the tip of the screw.
A statistical algorithm is therefore used to home in on the most convergent point of the lines by iteratively removing outliers.
Based on the delivered X, Y, Z over time coordinates
for an individual run, several data analyses and interpretations can be carried out:
• 3D visualisation of the trajectory, enabling visual interpretation and investigation of special flow phenomena.
• Calculation and visualisation of different velocities and accelerations based on the position data.
• Statistical interpretation of the results of several runs of one experiment to determine average velocities, residence times and local residence time distributions.
Numerical methods
An isothermal and incompressible fluid is modelled in the three-dimensional flow domain where, since the
Reynolds number of polymeric melts is very low, only
Stokes flow is considered. The equations of conservation of mass and momentum read:
. 0
where v is the velocity vector and p is the hydrostatic pressure; τ is the extra stress tensor. The equations are solved fully coupled using a finite element discretization method.
There are some difficulties that arise when solving the balance equations. We have to deal with moving geometries, the screws, in a fixed barrel, while the gap widths are extremely small and change in time during rotation. Obtaining a velocity field and its derivative very close to the moving screws is not trivial, but essential for further particle tracking analysis.
To avoid re-meshing, we use the Lagrange multiplier based fictitious domain method FDM (Glowinski et al. 1994 ). In FDM, the kinematics of rigid body is From the Eulerian velocity field v(x, t) the particle path of X is given by the numerical solution of:
A total 10000 particles were initially located to cover a complete inlet cross-section of the extruder at z=0 mm (inlet surface of screw element). Particles are tracked until they exit the screw element.
Results and Discussion
Materials, geometry and processing conditions
All experiments investigating the influence of different processing conditions on the residence times were carried out using the same PP-Polymer with an MFI of 70. This comparably low viscosity polymer was chosen to minimise the stress on the PEPT-Particle. The temperature profile in the extruder was set to 220-240°C.
The screw set-up of the upstream elements was also kept constant to guarantee constant and comparable melt quality. The screw set-up of the upstream elements was chosen to plasticise the polymer gently without too much shear stress, in order to apply the least possible stress to the PEPT-particle which was fed For the interpretation of especially the residence time graphs it is important to note the numbering of the elements underneath the PEPT-window as illustrated in fig. 2 . In the discussion of the residence time only the elements fully covered by the PEPT-window (element 2 and 3) are discussed.
The cross-sectional geometry of the extruder is shown in fig. 5 . 
Effect of throughput in kneading disc sections
The following section discusses the influence of different processing conditions on standard kneading discs. A screw set-up with a 60° and a 90° kneading disc was chosen for this study. A 30° kneading disc was in front of this set-up, which was followed by a simple 30 mm pitch conveying element. The whole setup is illustrated in fig. 6 . The 60° and 90° kneading discs are therefore both fully covered by the PEPT window. In order to investigate the effect of throughput on the residence time and the residence time distribution, two different processing conditions were chosen (table 1). The effect on the residence time distribution of the change in processing conditions between experiments 5
and 6 is illustrated in the three following graphs 6-8. The fill level can explain this large difference in residence time for these two kneading discs. The 60° kneading disc has a small but positive conveying capacity. At such a low throughput this results in the 60° kneading disc not being 100% full.
At 9.6 kg/h the situation changes quite substantially.
The average residence time for the 60° discs is reduced by about 25%, whereas the 90° disc shows around a It is important to note that this was not expected to this extent. The change in throughput narrowed the residence time distribution for both kneading discs.
This clearly reflects a decrease in distributive mixing efficiency of kneading discs at higher output rates or degree of fill.
Effect in conveying elements
After looking in detail at the effect of throughput on residence time distribution in kneading discs, the following section describes the effect of changing the throughput in a conveying section.
A screw set-up with a 40mm and a 30mm conveying element was chosen for this study. A 40mm conveying element was in front of this set-up, which was followed by a simple 30 mm pitch-conveying element. The whole set-up is illustrated in fig. 11 .
Fig. 11. Screw set-up for experiment 9 and 12.
For the study of the effect of throughput on the residence time and the residence time distribution two different processing conditions were chosen (table 2) By comparing the effect of changing the throughput in a conveying section to the effect the same change in processing conditions has in a kneading disc section, it is firstly obvious that the average residence time for the conveying section is significantly shorter and the residence time distribution is a lot narrower for the conveying elements. There are some quite slow passages, as can be seen in fig. 12 and fig. 13 , but the residence time distribution for both conditions shows a sharp peak and short passage times. In absolute values, the average residence time for the conveying element is less than 50% of the time for the 90 o kneading disc.
Looking at the effect of changing the throughput for the conveying element section, it can be noted that the average residence time, as well as the shape of the residence time distribution, does not change significantly by increasing the throughput from 4.8 kg/h to 9.6 kg/h (Fig. 14) . The explanation for this is that the elements are not 100% full for the 4.8 kg/h condition or, most probably, for the 9.6 kg/h condition.
There is therefore enough conveying capacity left to take up the additional material. Interestingly, the average residence time decreases for the conveying element when the throughput is increased, although these elements are not 100% full. Looking at the shape of the residence time distribution and taking into account that the peak passage time is between 1 and 2 seconds for both conditions, and then this perhaps not directly anticipated phenomena can mainly be explained by a significant reduction in long passages for the higher throughputs.
The numerical results have a good agreement with experimental data. The simulation is carried out on two operation conditions for a conveying element with 30 mm pitch length. The operation conditions are listed in Table 3 . 
SME-mixing element
The Screw Mixing Element (SME), consists of a standard screw profile with slots cut across the flight tip to increase the back flow ( fig. 16 ). We did a simulation to see the effects of these slots on RTD. After numerical tracking of the particles, the RTD curves are shown in fig. 18 for SME and conveying elements. Average residence time for the conveying section is a little bit shorter than SME, since the slots increase the element volume of the SME element. The residence time distribution of conveying is narrower compared to SME element. SME element improves mixing. 
Effect of back-pressure on residence times in conveying elements
For this study a screw set-up was used that contains a reverse element at the end of the PEPT-window section (here the 4th element, see fig. 19 ). This element produces a strong back-pressure, guaranteeing that at least the conveying element in front of the reverse element is fully filled with melt. The reverse element has a pitch of only 20mm and the pressure build capacity of the reverse element is higher than the pressure build-up generated by the 30mm pitch conveying element in front of it. So it can be assumed that the fully filled section is also covering part of the second element underneath the PEPT-window (see fig.   2 ).
Fig. 19. Screw set-up for experiment 14.
For the study of the effect of back-pressure on the residence time and the residence time distribution, the following processing conditions were chosen: very obvious that the number of these long passages is reduced drastically in element 3, which has to build up pressure. This behaviour was not expected at first sight.
The most probable explanation of the reduction in long passages can be found if we consider the areas of the screws and barrels where these long residence times can occur. They mainly occur due to the melt film between the screw and barrel and on the screw surface.
This melt film is not moving fast and has no substantial exchange with the main material stream.
Pressurising these sections results in two phenomena, that consequently reduce the residence time:
• Due to the pressure build up the screws are a pushed a little further towards the barrel. This reduces the clearance and consequently reduces quantity of material trapped in the melt film
• Perhaps more important is that the backpressure increases the leakage flow over the screw tip and between the screws. This intensive material flow through these small gaps washes away the melt film, resulting in a much more intense exchange of the melt film with the main material flow.
Effect of back-pressure on residence times in kneading discs
The following screw configuration (see fig. 22 ) was used for the trials with kneading discs in front of a reverse element to guarantee a 100% fill. Similar to the conveying section PEPTFlow partner SCC has carried out a 3D simulation of this screw setup under the mentioned processing conditions (Valette R., et al.) . The resulting melt pressure is illustrated in fig. 23 . It can be observed that the pressure directly in front of the first kneading disc element reaches almost 70 bar with a slight decrease towards the end of the kneading disc section and a steep decrease over the reverse element. In the kneading disc section that is fully filled under these processing conditions the effect of the pressure on the residence time and residence time distribution is negligible (see fig. 24 ). This was assumed, as the backpressure only increases the static pressure in this area.
It should be noted that there are a substantial amount of very slow passages that are summarised in the category 14plus seconds on the right-hand side of the graph.
They reflect the good axial mixing capacities of kneading discs but they can also be a problem with temperature and shear sensitive materials.
Observed flow phenomena -Sticking to the screw
The following paragraph briefly summarises certain As illustrated in fig. 26 the particle rotated for 11 revolutions on the right screw.
The following paragraph briefly summarises certain observed flow conditions that show interesting or unexpected flow phenomena. As some of them can have a strong influence on residence time it is important to know that these conditions and phenomena like those presented can occur.
the following screw set-up and the following processing conditions (table 6), using the standard PP material a flow path was observed where the particle rotated for several revolutions on
Conditions of experiments 3. As illustrated in fig. 27 the particle did not move in the z direction for almost 5 revolutions (7 then moved slowly 10mm forward during the next 6
revolutions.
This condition has led to a passage time that is almost twice as long as the average passage time for this element.
Such a flow condition can be a problem with very temperature sensitive material or in reactive processing, where narrow residence time distributions are needed.
Observed flow phenomena
Particle sticking to the right screw.
coordinates of a particle stuck on one the particle did not move in the z direction for almost 5 revolutions (7-10 seconds) and then moved slowly 10mm forward during the next 6 has led to a passage time that is almost twice as long as the average passage time for this Such a flow condition can be a problem with very temperature sensitive material or in reactive processing, where narrow residence time distributions
Observed flow phenomena -Sticking to the barrel
During the same experiments the following, additional flow phenomena was observed.
As illustrated in fig. 28 the particle travelled slowly but constantly along in the figure of eight shape of the inner barrel surface for one complete revolution. Fig. 28 . Flow path of a particle stuck in the melt film. Fig. 29 . XYZ-coordinates of a particle stuck on one screw.
As illustrated in fig. 29 the particle did not move in the z direction while it was stuck in the melt film: it was moving in a circumferential direction.
During the same experiments the following, additional the particle travelled slowly but of eight shape of the inner barrel surface for one complete revolution.
Flow path of a particle stuck in the melt film.
coordinates of a particle stuck on one the particle did not move in the z direction while it was stuck in the melt film: it was Fig. 30 . Velocity profile of a particle stuck in the melt film.
In the velocity profile illustrated in fig. furthermore be seen that the speed of the particle was in a very low range of around mm/s while it was stuck in the melt film at an axial distance of z=33
Then at an observation time of almost 40 seconds the particle was suddenly washed away from the bar surface and accelerated back to normal particle speeds of about 60-100 mm/s.
Again such flow conditions can be a problem with very temperature sensitive materials or in reactive processing, where narrow residence time distributions are needed.
Conclusions
PEPTFlow is a completely new characterisation technology for polymer flow within polymer processing machines. It offers insights into the machine that have not been available before.
monitoring of polymer flow under realistic processing conditions using real polymers at high temperatures and high pressures, and monitoring of flow locally in individual screw elements, making it possible to Velocity profile of a particle stuck in the melt ty profile illustrated in fig. 30 it can ermore be seen that the speed of the particle was in a very low range of around mm/s while it was stuck in the melt film at an axial distance of z=33-35mm.
Then at an observation time of almost 40 seconds the particle was suddenly washed away from the barrel surface and accelerated back to normal particle speeds In future work (PEPTFlow 2 project), we will focus on this issue. In simulation results since the number of the particles are high (more than 10000), statistical results like RTD has a good reproducibility.
The accurately simulated velocity field is accordingly used to start mixing analysis by calculating the residence time distribution.
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